Abstract. Two glasshouse experiments were carried out to evaluate the morphological and physiological responses to water deficit of Mediterranean and temperate tall fescue (Festuca arundinacea Schreb.) cultivars. In Expt 1, 3 cultivars were studied: 2 temperate cultivars, Grasslands Advance (GA) and El Palenque (EP); and a Mediterranean cultivar, Maris Kasba (MK). Water deficit was induced in containers of 4 plants of a single cultivar by withholding water. In Expt 2, plants of EP and MK were grown together in the same container and received water daily with gradation in intensity of water deficit achieved by varying the daily water ration per container.
Introduction
Tall fescue (Festuca arundinacea Schreb.) is one of the main pasture grasses sown in Australia (Reed 1996) and the most important perennial cool-season forage in the south-eastern USA (De Battista 1989; van Santen 1992) . In Argentina, tall fescue is one of the two most widely grown perennial grasses (Molina 1988; INDEC 1993) and is cultivated mainly in the Pampa region (González and Gardner 1977; . There are a number of distinct ecological zones within the humid and subhumid Pampa region (Soriano et al. 1992) , and tall fescue occupies areas that can experience winter drought (e.g. Córdoba Province) or summer drought (e.g. Buenos Aires). In New Zealand, tall fescue has been recommended as an option where summer drought limits the persistence of ryegrass (Lolium perenne L.) (Anderson 1982; Anderson et al. 1982; Brock 1982) . The greater ability of tall fescue than other grass species to tolerate drought has been related to its higher root density at depth (Garwood and Sinclair 1979) .
Tall fescue populations of Mediterranean origin (F. arundinacea var. letourneuxiana) have a higher winter and early spring growth than those of temperate origin (MacColl and Cooper 1967; Frame et al. 1970) . Likewise, several experiments carried out in Western Australia, Canberra (ACT), Armidale (NSW), and Hamilton (Vic.) have shown that autumn and winter yields of tall fescue can be improved using Mediterranean ecotypes (Reed 1996) . Based on a similar observation in Argentina, the complementary use of Mediterranean and temperate tall fescues has been recommended to improve continuity of seasonal forage supply for temperate animal production systems .
Previous research has compared growth responses of Mediterranean and temperate tall fescue populations to temperature, especially to low temperature (Chatterjee 1961; Morgan 1964; MacColl and Cooper 1967; Robson 1967; Robson and Jewiss 1968a, 1968b) , and daylength (Robson 1967; Robson and Jewiss 1968b) . However, the comparative responses of Mediterranean and temperate tall fescue populations to water deficit and the physiological mechanisms involved were left almost unexplored.
Among the adaptative mechanisms of plants to water deficit, those that assist in the maintenance of turgor, for example osmotic adjustment, are regarded as very important in maintaining plant growth, through maintenance of stomatal opening and photosynthesis (Morgan 1964) .
This study sought to provide a better understanding of the differences between Mediterranean and temperate tall fescue germplasm in response to water deficit.
Materials and methods

Experiment 1 Plant culture
The tall fescue cultivars studied were Grasslands Advance (GA, developed by AgResearch, New Zealand) and El Palenque (EP, seed obtained from INTA Pergamino, Argentina), both hexaploid (6x = 42) and of temperate origin, and the cv. Maris Kasba (MK, seed obtained from INRA, France), decaploid (10x = 70) and of Mediterranean origin. Seeds were incubated at 47°C and 45% relative humidity for 25 days to kill the endophyte Neotyphodium coenophialum (Morgan-Jones and Gams) Glenn, Bacon and Hanlin (Bouton et al. 1993) , since it has been found that tall fescue plants infected show improved moisture stress tolerance (Bacon 1993) . They were then germinated and seedlings transferred to root-trainers. On 23 October 1995, after approximately 15 days growth, the seedlings were transplanted to containers of 150 mm diameter and 1 m depth, filled according to the methodology described by Böhm (1979) with a mixture of Fluvent silt loam soil (B horizon) and sand (1:1 by volume), fertilised with 'Osmocote'* (NPK 15:4.8:10.8) at 3 g/L soil. Four seedlings were planted in each container. Plants were located in a glasshouse at Massey University, Palmerston North (40° 20′ S), under natural photoperiod. Cooling was set to operate above an air temperature of 20°C and heating to operate below 10°C.
Plants were checked for infection by N. coenophialum by examination of the leaf sheath (Latch and Christensen 1982) , to ensure that endophyte elimination had been successful. Plants were sprayed to control aphids and mildew, using the procedure described by Assuero (1998) .
Containers were watered in the morning with 250 mL water/ container.day until 22 December and with 350 mL water/container.day until 26 December when water was withheld from water deficit containers but continued on the control plants at 500 mL water/ container.day. Containers were weighed every 3-6 days between 12 December and 6 January, and water was added as required to bring the container weight to estimated soil field capacity. One container per cultivar per block was destructively harvested on 30 December (sampling date 1), with subsequent blocks harvested on consecutive days because of the practical infeasibility of harvesting the 3 blocks on the same day. Two further destructive harvests were carried out between 3 and 5 January (sampling date 2) and between 7 and 9 January (sampling date 3).
Average minimum and maximum daily air temperatures from 20 December to 9 January were 14.7 ± 2.1 and 36.4 ± 3.7°C, respectively.
Measurements
Two plants per container were harvested and separated into stem base and leaf sheath (pseudostem), leaf blade, and dead tissue. Each component was dried overnight at 60°C in a forced-air oven and weighed (DW).
After water relations measurements were performed on the remaining 2 plants of each container (see below), above-ground material was removed and containers were stored at 2°C until sequential harvests were completed. Roots were then washed and frozen. Root length and mass of root organic matter were determined separately by soil depth for 0-75 mm, 75-150 mm, 150-300 mm, and below 300 mm segments of the containers. Results were expressed on a per container basis (i.e. 4 plants). Root length was measured with the grid intersect method (Tennant 1975) . To determine root mass (organic matter, OM), samples were dried overnight at 70°C, weighed to determine DW, then ashed for 4 h at 650°C, and ash weight was subtracted from DW. Mean root diameter was calculated as reported by Matthew (1992) .
Water potential (Ψ w ), osmotic potential (Ψ o ), and full turgor osmotic potential (Ψ of ) were measured with a thermocouple psychrometer (SC10A, Decagon Devices Inc., Pullman, WA, USA) on the combined youngest fully expanded leaves of 2 tillers per container collected at midday. Conversion of thermocouple output (µV) to osmotic potential (MPa) was made from standard curves prepared from KCl each time the psychrometer was used. Samples for Ψ w and Ψ o were cut into small pieces, put in the psychrometer chambers, and immediately sealed with Sellotape. Samples for Ψ of determination were floated in Petri dishes filled with distilled water at 5°C overnight, dried with tissue paper, cut, and kept in the psychrometer chamber as described above. Chambers with samples for Ψ o and Ψ of determinations were frozen with liquid air and stored in a freezer. They were later thawed for 30 min in tap water and equilibrated at room temperature, at which point readings were taken.
Stomatal conductance and transpiration on adaxial (upper) and abaxial (lower) surfaces of the youngest fully expanded leaf of 2 tillers per container were measured with a steady state porometer (LI-1600, LI-COR, NE, USA) at midday.
Samples from the youngest fully expanded leaf of each of 2 tillers per container were combined, dried, ground, and submitted to Waikato University Stable Isotope Unit, New Zealand, for carbon isotope analysis. Carbon discrimination (∆) was calculated according to Farquhar et al. (1989) .
Experiment 2 Plant culture
Seed of MK and EP cultivars was treated to kill the endophyte N. coenophialum as in Expt 1, seeds were then germinated, and seedlings transferred to root-trainers filled with vermiculite. Plants were irrigated 3 times a week with half-strength Hoagland's solution (Hoagland and Arnon 1938) and were grown in a heated glasshouse at Unidad Integrada INTA-FCA Balcarce, under natural photoperiod (37°4 5′ S). On 8 July 1996, after approximately 70 days of growth, daughter tillers were removed and plants were transplanted to polystyrene containers of 305 by 375 by 323 mm, lined with a perforated plastic bag, and filled with friable loam soil (6.41% organic matter, 47.3 mg nitrate/kg soil, 29.9 mg phosphate/kg soil). Each container had 4 rows of 5 plants (main tiller only) with the 2 cultivars arranged in alternate rows. EP tillers were defoliated so as to have a leaf area similar to MK when transplanted. Plants were examined to ensure that endophyte elimination was successful (Latch and Christensen 1982) . Containers were watered daily and once a week received 250 mL of half-strength Hoagland's solution.
Four water treatments were imposed on 17 October in block 1, and on 18 and 19 October in blocks 2 and 3, respectively. The treatments were: control (1000 mL water/container.day); and 3 levels of water *Trade names are used for convenience of the reader and do not imply endorsement over comparable products. deficit, S1 (800 mL water/container.day), S2 (650 mLwater/ container.day), and S3 (500 mL water/container.day).
Average minimum and maximum daily air temperatures from 10 October to 14 November (the experimental period when water deficit was imposed) were 11.9 ± 2.7 and 39.9 ± 5.7°C, respectively.
Measurements
Tiller appearance rate was measured on 3 plants of each cultivar per container before the application of water treatments. Daughter tillers were labelled with coloured plastic wire at soil level fortnightly from 8 July to 25 September, to calculate tiller appearance rate (TAR). Relative tiller appearance rate (RTAR) was calculated by linear regression of log e of tiller number with time. Tillers were counted again on 11 November to determine average tiller number per plant during the period when water treatments were applied.
On one randomly selected tiller per plant, tissue turnover was measured between 15 October and 11 November, using an adaptation of methodology described by Davies (1993) and Mazzanti et al. (1994) . Leaf extension rate and leaf senescence were converted to gross growth rate (GGR) and senescence (SR), respectively, using data on specific leaf weight (DW mg/mm leaf length) measured in plants harvested to perform DW determinations (see below). Net growth rate (NGR) was calculated as the difference between GGR and SR. GGR, SR, and NGR were converted to a per plant basis by multiplying single tiller values measured with average number of tillers per plant.
As in Expt 1, the 3 blocks were harvested on successive days for logistical reasons, and following the same sequence as the staggered introduction of water treatments. Dry weight per plant was measured in a destructive harvest commencing on 12 November and ending on 14 November. For each destructively harvested plant, leaf DW per plant was divided by total length of green leaf laminae of that plant to calculate specific leaf weight (DW mg/mm) for the GGR and NGR calculations described above. Components were dried as in Expt 1. One plant of each cultivar per container, on which no destructive measurements had been carried out, was harvested at midday and separated into green leaf sheath (pseudostem), green leaf blade, and dead tissue.
Water potential (Ψ w ) was measured on the youngest fully expanded leaf of 2 tillers per cultivar per container using a pressure chamber (Scholander et al. 1965) at dawn and midday. The leaves used to determine Ψ w were stored by freezing in individual 2.5-mL plastic syringes, the tips of which were sealed with a flame after introducing the leaf. The syringes were later thawed, the tip cut, and leaf sap squeezed out into a test tube. Osmotic potential (Ψ o ) was determined by vapour pressure osmometry (model 5500, Wescor, Logan, UT, USA) as described by Turner (1981) . Osmolalities (mmol/kg) were converted to Ψ o (MPa) by multiplying by a factor of 2.48 × 10 -3 according to van't Hoff 's equation (Hohl and Schopfer 1991) .
The youngest fully expanded leaves of 2 tillers per treatment per container were combined into a single sample, dried, ground, and submitted to Waikato University Stable Isotope Unit for carbon isotope analysis as above.
Experimental design and statistical analysis
For Expt 1, a randomised complete block design with a factorial arrangement of 3 cultivars, 2 water treatments as previously mentioned, 3 harvest times, and 3 replicates (54 containers) was used.
Expt 2 had a split-plot design with 4 watering treatments as main units, 2 cultivars as subunits, and 3 complete randomised blocks (12 containers).
ANOVAs were performed using SAS GLM procedure (SAS Inst., Cary, NC, USA). Weighted ANOVAs were used for variables in which variance heterogeneity between water treatments was found when the mean square errors, from preliminary analyses carried out on each individual water treatment and harvest combination, were analysed by Bartlett's test (Steel and Torrie 1980) . The reciprocals of the above error variances were used as weights. Percentages were arcsin square root transformed for statistical analysis. Means were separated using the l.s.d. at P = 0.05 significance level. Where weighted analyses were used, to simplify table layout, the standard error presented in tables is the average standard error, calculated as:
where n is the number of standard errors (s.e.) involved in the calculation. The difference between measuring times for variables measured at dawn and midday in Expt 2 was statistically analysed using the dawn measurement as a covariate, when the latter was significant. Linear regressions were fitted using the SAS REG procedure.
Results
Experiment 1
Shoot characteristics MK plants were significantly smaller than GA or EP plants, and showed a higher percentage of DW as leaf blade than GA, which in turn was higher than EP (Table 1 ). The 
percentage of DW as sheath was lower for MK than for EP, whereas GA had an intermediate value, and the percentage of DW as dead tissue was lower in MK than the other cultivars (Table 1) .
Mean shoot DW did not change significantly between sampling dates, although by the third sampling date, control plants were 30% heavier than stressed plants (data not presented). Stressed plants had a higher percentage of DW as dead tissue and a lower percentage of DW as leaf blade than control plants (Table 1 ). The proportion of DW as dead tissue did not change significantly with time in control plants (1.4, 1.8, and 2.7%, respectively, for sampling dates 1 to 3), but it increased significantly in stressed plants (2.9, 6.4, and 9.1%, respectively, for sampling dates 1 to 3).
Although MK had a higher tiller number per plant than GA and EP (Table 1) , the duration of water treatments was insufficient to expect a large change in tiller number per plant between water treatments (Table 1) .
Root system characteristics
Despite differences in shoot dry weight (Table 1) , the 3 cultivars had similar total root mass (Table 2) . Nevertheless, the cultivars differed in the characteristics and distribution of their root systems. For instance, the total root length was the highest for EP and the lowest for MK, and the mean root diameter of the Mediterranean cultivar was about 17% greater than for the temperate cultivars (Table 2) . GA showed a greater root weight and root length than the other cultivars in the uppermost stratum (0-75 mm depth, Table 2 ). On the other hand, EP was the cultivar with the highest root mass below 300 mm depth. Cultivar ranking for root length in this lower stratum followed that for root mass, except that GA did not separate statistically from EP (Table 2) .
Total root mass, and root mass and root length in the uppermost stratum, were higher in control plants than in stressed plants (Table 2) , but the mean root diameter in this stratum was lower for control plants than for stressed plants (0.440 v. 0.475 mm, s.e. = 0.012 mm). The root diameter averaged over the entire profile tended to increase in MKstressed plants, and decrease in the stressed plants of the temperate cultivars. The cultivar × water deficit interaction reflecting this was statistically significant (P = 0.033; Assuero 1998).
The differences in shoot DW among cultivars gave rise to a higher root : shoot ratio for MK than for the other cultivars (Table 1 ). Stressed plants also had a higher ratio than control plants (Table 1) .
Water relations and carbon discrimination
MK had higher Ψ w , Ψ o , and Ψ of than GA and EP (Table 3) . As water deficit increased, the pattern of decrease in Ψ o differed between cultivars, with EP having the most rapid decrease in Ψ o between the first and second sampling dates, GA the most rapid decrease between second and third sampling dates, and the difference between MK and the 2 temperate cultivars increasing as the experiment progressed (Fig. 1b) . As expected, stressed plants had a lower Ψ w and Ψ o (Table 3) , but no differences were found between water treatments for Ψ of (Table 3) .
GA and EP showed a greater decrease than MK in the values of Ψ w and Ψ o in response to water deficit (Fig. 1) . Interestingly, MK showed a higher value than the other cultivars for these variables in both water treatments, although for the control treatment, Ψ w of MK was similar to GA plants. The conspicuous feature of these results was that the MK-stressed plant values averaged over harvests for Ψ w and Ψ o were similar to EP-control plants and MK-control plants, respectively.
Stomatal conductance of the adaxial leaf surface was around 50-60% higher than the abaxial surface. Microscopic examination (Assuero 1998) showed that the abaxial leaf surface had a stomatal density only 35-55% of that on the adaxial surface for the 3 cultivars studied. In MK, stomatal conductance of both leaf surfaces was higher than for EP and AG (Table 3) . Stressed plants had a significantly lower stomatal conductance than control plants (Table 3) on both leaf surfaces. Stomatal conductance at the end of the experimental period (sampling date 3), for both leaf surfaces of the 3 cultivars measured, is shown in Fig. 2 .
The transpiration rate showed higher values on the adaxial surface consistent with the higher stomatal conductance and stomata density observed. As expected from the stomatal conductance data, MK showed a higher transpiration rate than GA or EP (Table 3) , and both leaf surfaces of stressed plants showed lower transpiration rates than control plants. Similarly, the average ∆ for the 3 sampling dates was significantly higher for MK than for GA or EP (20.32, 18.01, and 18.19, respectively) .
Experiment 2 Shoot characteristics
MK plants were smaller than EP plants (Table 4) , as in Expt 1. However, in Expt 2, MK plants were more affected by water deficit than in Expt 1, showing a higher percentage of DW as dead tissue and sheath, a lower percentage of DW as leaf blade, and a lower number of tillers per plant than EP plants (Table 4) . There were smaller effects of water treatments on the morphological characteristics of the plants than in Expt 1, probably because all containers were watered daily. Although no differences between water treatments were found for the percentage of DW as leaf blade when analysed by ANOVA, a linear regression between this variable and the amount of water applied daily was significant and similar for both cultivars (0.0093 ± 0.0040% DW per mL of water received daily). The percentage of DW as sheath increased under S3 water treatment (Table 4) .
Tissue turnover
MK had lower TAR (0.096 ± 0.007 tiller/day) than EP (0.166 ± 0.013 tiller/day) during 79 days preceding the water treatments. The GGR and NGR per plant were higher for EP than for MK (Fig. 3a) . Conversely, the SR was lower in MK plants (Fig. 3a) .
Water deficit significantly decreased leaf GGR and NGR, but did not affect SR for any of the cultivars considered (Fig. 3b) . Although the cultivar × water treatment interaction for NGR was not significant, it was noted that the reduction between control and S3 was considerably higher for MK than for EP (89% and 47%, respectively).
Water relations and carbon discrimination
In contrast with the results of Expt 1, no significant differences were found between MK and EP cultivars in Ψ w or Ψ o , either at dawn or midday (Table 5) .
As expected, water deficit decreased Ψ w and its component Ψ o , both for dawn and midday sampling, and Ψ w and Ψ o were always lower at midday than at dawn. Whereas the morphological data indicated that the onset of water deficit stress was more advanced in the Mediterranean cultivar MK (Table 4) , there was little parallel evidence in the physiological data of more advanced water stress in MK than in the temperate cultivar EP (Table 5) . However, one statistically significant cultivar × water deficit interaction was detected, for the dawn-midday difference in Ψ o (Table 6 ). EP showed a gradation in Ψ o across the gradient of water deficit from control to S3, whereas values for MK were intermediate, and did not differ significantly across the water deficit gradient (Table 6) . In agreement with Expt 1, ∆ of MK (18.86) was significantly higher than ∆ of EP (18.31).
Discussion
Shoot morphology response to water deficit
As expected, these tall fescue cultivars decreased their evaporative surface in response to water deficit (Passioura 1982) , mainly through reduced leaf growth, continued death of leaves (Table 1) , and a slight decrease in tiller number (Tables 1 and 4 ). In addition, an increase in root : shoot ratio was measured (Table 1) , indicating a more negative effect of water deficit on shoot growth than on root growth as reported by earlier workers (Sharp and Davies 1979; Passioura 1982; Brouwer 1983; Ismail et al. 1994) . Leaf rolling, a common phenomenon in tall fescue plants (Arachevaleta et al. 1989; White et al. 1992; Elmi and West 1995) , which decreases exposure of the adaxial leaf surface with its higher stomatal density, was also observed.
Morphological responses to water limitation were less pronounced in Expt 2 than in Expt 1 (Tables 1 and 4) . The only statistically significant difference in Expt 2 was a higher percentage of DW as sheath for the S3 treatment. This finding might have indicated initiation of reproductive development due to stress, as reported by Bazzaz et al. (1987) . Although the actual sheath biomass per plant showed a tendency to increase with water deficit (g DW: control = 2.46, S1 = 2.55, S2 = 2.65, and S3 = 3.17), the differences were not significant by ANOVA, nor was the linear regression fitted between sheath biomass and the amount of water applied daily. Consequently, the increased percentage of DW as sheath in S3 would partly reflect these increased sheath weights, but also the reduction in leaf lamina (Table  4) . Sheaths of stressed plants may also have had a higher dry matter content because of carbohydrate accumulation (Brouwer 1966) .
There is evidence from work with other species that gradual reduction in daily water supply causes less severe effects on the plants than complete withholding of water. For instance, it has been reported (Socias et al. 1997 ) that subterranean clover (Trifolium subterraneum L. spp. brachycalycinum) leaves had a higher water content and water potential under gradual soil water depletion (replacing only a fraction of the water evaporated) than under rapid soil water depletion (withholding water completely) for a similar soil water availability. The limited morphological changes in Expt 2 could, therefore, have been due to the different method of water deficit application.
Plant water relations
In both experiments, stressed plants showed lower Ψ w and Ψ o than control plants (Tables 3 and 5 ). At present there are some doubts whether the osmotic adjustment is a plant response to water deficit in order to maintain turgor, or the passive consequence of an increased carbohydrate status (e.g. the effects of drought on growth usually precede effects on photosynthesis; Passioura 1994). However, osmotic adjustment has been commonly considered an important plant response to water deficit that allows the plant to maintain physiological processes (Turner 1986; Thomas 1987) and delay dehydration (Kramer and Boyer 1995) . In Expt 2 the Ψ o at midday was analysed using the relative water content (RWC) as a covariate (for details of this measurement see Assuero et al. 1998) . The Ψ o of S3 was significantly lower than that of the control and S1 (control = -1.97 MPa, S1 = -2.13 MPa, S2 = -2.37 MPa, and S3 = -2.60 MPa, P < 0.05), indicating that osmotic adjustment had occurred. Conversely, in Expt 1 the Ψ of did not diminish in the stressed treatment, suggesting that the decrease in Ψ o , instead of being by solute accumulation, could have been due merely to an increase in the solute concentration of the vacuolar sap and apoplastic water because of the lower RWC. Nevertheless, when Ψ o was analysed using RWC as a covariate as in Expt 2 (Assuero 1998) , the Ψ o of stressed plants was significantly lower than for control plants respectively) , indicating solute accumulation. One possible interpretation of the discrepancy found between these analyses is that the overnight rehydration of the samples to determinate Ψ of might have allowed synthesis of large osmolyte molecules from small ones (e.g. fructan from fructose), resulting in a lower osmotic potential difference between control and stressed plants at the time the measurements were carried out. Doubts have been expressed in relation to the correlations between bulk tissue osmotic potential and growth and survival during drought (Thomas and Evans 1991; Passioura 1994) . Nevertheless, EP, the cultivar that had the greater osmotic adjustment, showed a higher gross growth rate, net growth rate, and relative growth rate than MK. When considering the plant adaptations to drought, not only is the maintenance of herbage production important, but also plant survival. In this respect, osmotic adjustment of the meristematic tissues has been proposed as important for tiller survival during periods of water deficit (West et al. 1990) . Unfortunately, in the present study, no measurements of osmotic adjustment in tiller bases were performed. Nevertheless, Volaire and Thomas (1995) found that although the osmotic potential of the leaf blades tended to be higher for a Mediterranean population of cocksfoot (Dactylis glomerata L.) compared with a temperate one, as reported above, osmotic adjustment of the tiller bases was significantly higher in the former and similarly, as in our experiment, the growth of the Mediterranean population stopped earlier in response to water deficit. Consequently the temperate population accumulated a significantly higher aerial biomass.
The carbon isotope composition of plant tissue estimates the long-term integration of a complex series of biochemical and physiological events (Brugnoli et al. 1988) . However, in the short term, the impact of the stress cannot be detected in the leaf tissue as a whole (Brugnoli et al. 1988; Farquhar et al. 1989) . Thus, effects of water deficit treatment on ∆ were not detected in the current experiments, but a cultivar effect was observed, as discussed below.
Root measurements
Data for root mass, coarse and fine root length, and mean diameter for 4 strata in the soil profile (0-75, 75-150, 150-300, and below 300 mm) were presented by Assuero (1998) . Most of the statistically significant differences observed occurred in the uppermost or lowermost strata, and for brevity, results for these strata are presented in Table 2 . Root measurements were performed in Expt 1, but were not carried out in Expt 2 since it would have been impossible to separate roots of the 2 cultivars grown in mixed swards. In Expt 1, total root mass was lower in stressed plants, but their total root length was not different from control plants (Table  2) , suggesting a lower mean root diameter. However, although root mean diameter data showed some evidence of this, stressed plants had a higher mean root diameter in the uppermost stratum. Thicker roots can indicate lignification and suberisation (Cruz et al. 1992) , both processes that occur under drought and high temperature (Evans 1973) . These have been suggested as important means to restrict the leakage of water from the roots as soil dries and to help the maintenance of the root turgor so that the root can reinitiate growth upon relief of water deficit (Cruz et al. 1992) . Moreover, although at high water availability, water uptake occurs mainly in the youngest parts of the roots, the opposite has been observed under low water availability (Evans 1973) .
McWilliam and Kramer (1968) reported that roots of phalaris (Phalaris aquatica L.), a typical Mediterranean species, were characterised by large metaxylem vessels and a highly suberised endodermis, and suggested that these traits could provide an effective pathway for water movement from the subsoil up to the crown of the plant. The greater thickness of MK roots than those of GA and EP (Table 2) suggests an adaptation of MK plants to water deficit, similar to that indicated by McWilliam and Kramer (1968) for phalaris, but histological examination of root cross-section was not carried out to confirm this. In addition, the turnover rate of thick roots may be lower than the turnover rate of thin roots (Fitter 1996) , and consequently, MK plants might counterbalance the higher cost of maintenance respiration of their relatively large root system with a lower cost of root turnover. Further work to quantify the advantages and disadvantages of larger diameter roots is needed.
For other species such as sorghum (Sorghum bicolor (L.) Moench) (Wright and Smith 1983) and maize (Zea mays L.) (Lorens et al. 1987) , it has been reported that a more effective exploitation of the accumulated soil water at depth depends on a higher root mass and root length deeper in the soil profile. In Expt 1, EP plants had a higher root weight and length in the lowest stratum than did the other cultivars (Table 2 ). However, under water deficit it was observed that the percentage of total root OM below 300 mm tended to increase in MK plants (control 34.4%, stressed 36.6%) and GA plants (control 29.6%, stressed 33.7%), and tended to diminish in EP plants (control 40.6%, stressed 38.4%). The fact that the percentage of root length in the stratum considered tended to increase in stressed EP plants (control EP plants 44.4%, stressed EP plants 46.8%) suggests that under water deficit the deepest roots of EP plants became thinner and, consequently, increased their surface area more than the other cultivars. Similarly, Huang and Fry (1998) reported that 2 tall fescue cultivars, Kentucky 31 and MIC18 (dwarf, turf type), produced finer roots during soil dry down than did their respective well-watered control.
Although the pipes used in this experiment simulated a deep soil profile and provided comparative information of the root systems of the cultivars studied, it would be interesting to corroborate these findings in future experiments carried out under field conditions. This is because, in our experiments using an artificial soil profile, mineral nutrients would have been more uniformly distributed throughout the profile and soil temperature at depth would have shown diurnal fluctuation related to air temperature, and these departures from natural field conditions might have affected root growth patterns.
Tiller appearance
The low TAR in MK compared with EP measured in Expt 2 after transplanting was the reverse of that expected. In Expt 1, MK plants had higher numbers of smaller tillers (Table 1) , and this can be regarded as a general pattern (Assuero 1998) . Indeed, by 8 July, when plants were transferred to the polystyrene containers, MK had more tillers per plant than EP, suggesting a higher TAR for MK prior to transplanting. The low TAR in the latter part of Expt 2 suggests that MK plants suffered a check to growth following removal of daughter tillers at transplanting. Competitive effects due to increased stress on MK when the 2 cultivars were grown together may also have been partly responsible. A third possible explanation is that MK had greater reliance than EP on carbon from older daughter tillers (cf. Quinlan and Sagar 1962; Marshall 1967; Clifford et al. 1973) , and therefore had been more affected by removal of these tillers at transplanting. It is worth noting though, that observed differences in TAR arose from only small differences in RTAR (MK = 0.027 ± 0.004 tiller/tiller.day and EP = 0.032 ± 0.005 tiller/tiller.day, P > 0.05). Also, during subsequent tissue turnover measurements, MK-control plants had a lower leaf appearance rate than EP-control plants (0.024 ± 0.004 and 0.041 ± 0.004 leaves/tiller.day, respectively), indicating that the site usage (Skinner and Nelson 1992) would have been higher in MK than in EP, despite lower TAR in MK.
Mediterranean and temperate cultivars
Two notable features of the experimental results were the contrasting morphology of Mediterranean and temperate cultivars and the reversal of their ranking for severity of water deficit stress symptoms between Expt 1 (grown in monoculture) and Expt 2 (grown in a mixture).
Plants of the Mediterranean cultivar MK were smaller (i.e. lower shoot DW, Tables 1 and 4) and had a higher root : shoot ratio (Table 1) than did the temperate cultivars. These characteristics, and especially the root : shoot ratio, would give the plant an advantage during water deficit since the relatively higher proportion of roots would facilitate water uptake to satisfy transpiration (Passioura 1982) . However, Expts 1 and 2 showed that this morphological adaptation of the Mediterranean cultivar MK was effective only in monoculture, and adversely affected competitive ability when MK plants were grown with other plants. For instance, in Expt 1, MK plants showed a lower percentage of dead tissue and a higher percentage of leaf blade (Table 1) , and showed physiological evidence of better water status (Table 3) than the temperate cultivars. Similar results were found by Volaire and Thomas (1995) in water relations of contrasting populations of cocksfoot growing in 1-m-deep pipes and subjected, as in Expt 1, to a full irrigation treatment or a cessation of watering for a period of 80 days. The Mediterranean cocksfoot population maintained a significantly higher RWC and tended to have higher Ψ w , Ψ o , and turgor than the temperate population as the water deficit progressed, although for the latter variables the difference between populations was not significant. A higher root : shoot ratio, as found for MK, theoretically involves a high cost of maintenance because of the associated root respiration and lower water use efficiency, if the latter is defined in terms of above-ground production of dry matter, as it commonly is (Passioura 1982) .
MK stomatal conductance was higher than for the temperate cultivars. This was found both when stomatal conductance was measured directly in Expt 1 (Table 3) and when estimated indirectly from 13 C discrimination. The maintenance of a relatively high stomatal conductance could be advantageous under short periods of drought because the plant would be able to maintain high rates of photosynthesis even under water deficit (Passioura 1982) . High photosynthesis rates could in turn contribute to other drought resistance mechanisms such as osmotic adjustment or root growth (Richardson et al. 1990) . Although osmotic adjustment of MK leaf blades seemed to be poorer than for temperate cultivars it is possible that, as in the case of Mediterranean cocksfoot populations (Volaire and Thomas 1995) , the osmotic adjustment in the tiller bases was comparatively higher. In addition, the characteristic thicker roots observed in MK might be related to carbohydrate storage that could assist the plant regrowth under increased water availability.
In contrast to Expt 1, MK plants in Expt 2 had a lower proportion of DW as leaf, and higher percentages of DW as sheath and dead tissue, than EP plants (Table 4) , indicating more advanced symptoms of water deficit stress in MK plants than in neighbouring EP plants. A precedent for this result was reported by Thomas and Evans (1990) , who observed that a hybrid of the 2 perennial ryegrass cultivars Melle and Aurora was more affected by water deficit when grown in an alternating pattern with its parental lines, during drought and recovery periods, than when grown in monoculture in containers or field plots. In direct competition with the parental lines, the hybrid had lower root mass, higher leaf extension rate, higher retention of solutes in leaf blades, and lower leaf osmotic potential than the parental lines. Thomas and Evans (1990) suggested that the hybrid was at a competitive disadvantage when growing in the alternating-drill experiment because it allocated more resources to shoot growth than to root growth. However, this explanation does not fully cover results reported here. Whereas the ryegrass hybrid studied by Thomas and Evans (1990) was held to be uncompetitive due to reduction in root mass, the experimental evidence indicated that MK allocated proportionally more resources to root growth than EP and GA (Table 2) , but also accumulated less sugar in leaf blades and had a lower leaf growth rate than EP (Fig. 3a) . These observations taken together indicate a drought avoidance strategy of shoot quiescence and increased root development in MK, and a drought tolerance strategy based on physiological adaptation to water deficit in temperate cultivars. We conclude that the quiescence strategy and accompanying increase in root : shoot ratio was effective for MK when grown in monoculture, whereas it was not effective in competition with another plant such as EP, possessing a drought tolerance mechanism, and presumably able to extract soil moisture to a greater osmotic tension. It should be noted, however, that exposure to water deficit in these experiments was rather brief. It may be that the quiescence strategy of MK, although not conferring competitive dominance over a plant expressing osmotic adjustment in response to onset of water deficit stress, could be more successful in ensuring plant survival under more prolonged drought exposure occurring through summer months in Mediterranean regions. Other studies with different grass species have concluded that greater partitioning of dry matter into the root system contributes to drought resistance. In particular, Mediterranean populations of cocksfoot have shown higher root : shoot ratios than temperate populations (Eagles 1967; Volaire and Thomas 1995) . This response was linked with carbohydrate accumulation, not measured in our experiments, and the summer drought survival strategy of Mediterranean populations (Eagles 1967) .
Although summer growth of MK is considered acceptable (Delgado and Tanco 1980) , in the present experiment further evidence of summer quiescence was seen in that the RGR estimated as the ratio between net growth rate (g DW/ plant.day) and final plant size (g DW/plant) was consistently greater for EP than for the Mediterranean cultivar (EP = 0.53% DW/day and MK = 0.40% DW/day, s.e. = 0.03). In contrast to the inferior summer growth of the Mediterranean cultivar, winter growth rates are superior (Assuero 1998) .
In summary, it appears that MK has different mechanisms of drought adaptation than temperate cultivars AG and EP. Specifically, MK has a slow development of water deficit through a slower depletion of the water available in the soil. This is achieved through morphological adaptations such as small plant size and higher root : shoot ratio. However, in response to onset of water deficit, MK seems to be incapable of physiological adjustment such as osmotic adjustment in the leaf blade tissue or decrease in the rate of leaf senescence. As suggested previously by Morgan (1964) and Volaire and Thomas (1995) , these results are consistent with Mediterranean cultivars having evolved under conditions of high water deficit during summer. Consequently, they have developed these adaptations to avoid the dry period in a dormant form, with priority for survival rather than productivity. Therefore, during water deficit periods, yield and survival have been found to be inversely correlated in perennial Mediterranean grasses (Neal-Smith and Wright 1969; Volaire and Thomas 1995) . Conversely, temperate cultivars have evolved in regions of low summer water deficit and the adaptations involve maintenance of turgor and photosynthesis in order to maintain, as much as possible, yield stability. Accordingly, under the high temperatures registered in these experiments, the cultivar of temperate origin, EP, showed higher growth rates than the Mediterranean cultivar, MK (Fig. 3a) . From the discussion above, the recommendation of complementary use of Mediterranean and temperate tall fescue in temperate animal production systems seems to be appropriate. This is because forage supply will be improved by Mediterranean cultivars during winter (MacColl and Cooper 1967; Frame et al. 1970; Reed 1996; Assuero 1998) and by temperate cultivars in summer when temperatures are high and soil water deficit more likely to occur.
Further investigation is needed to study the degree of the osmotic adjustment of the meristematic tissues and the probable role of carbohydrate storage of sheaths and roots. Similarly, it would be desirable to carry out field experiments to compare the physiology of the contrasting root systems of these cultivars under natural conditions and to evaluate the persistence of these contrasting tall fescue cultivars after a recovery period.
